Many maternally inherited and incurable neuromyopathies are caused by mutations in mitochondrial (mt) transfer RNA (tRNA) genes. Kinetoplastid protozoa, including Leishmania, have evolved specialized systems for importing nucleus-encoded tRNAs into mitochondria. We found that the Leishmania RNA import complex (RIC) could enter human cells by a caveolin-1-dependent pathway, where it induced import of endogenous cytosolic tRNAs, including tRNA Lys , and restored mitochondrial function in a cybrid harboring a mutant mt tRNA Lys (MT-TK) gene. The use of protein complexes to modulate mitochondrial function may help in the management of such genetic disorders.
T he A8344G mutation (A to G nucleotide mutation at position 8344) in the MT-TK gene in myoclonic epilepsy with ragged red fibers (MERFF) (1) causes a substantial reduction in the rate of translation of most mitochondrial mRNAs, as well as the accumulation of aberrant translation products (2), which results from inefficient aminoacylation of (3) and/or codon recognition by (4) the mutant tRNA. More severe defects are observed in patients possessing deletions of this gene: for example, in Kearns-Sayre syndrome (KSS), a 1.9-kb mitochondrial deletion covers the MT-TK gene, as well as the neighboring CO2, CO3, ATP6, and ATP8 genes (5). Cytoplasmic hybrids (cybrids), derived from such patients and carrying mutant mitochondria, are good in vitro models for monitoring the efficacy of correctional protocols. Partial rescue of mitochondrial function in cybrids, and in primary fibroblasts from MERRF patients, by transfection of variants of yeast tRNA Lys genes has been reported (6), but this approach suffers from low efficiency, variability, and toxicity of the transfection vehicle.
The RNA import complex (RIC), isolated from the inner membrane of Leishmania mitochondria, is a large (M r È 600 kD) multisubunit aggregate containing several tRNA binding proteins ( fig. S1 and table S2) that is active for specific, adenosine triphosphate (ATP)-dependent translocation of tRNAs (7, 11) . Human cytoplasmic tRNA Lys (UUU) is imported into the mitochondria of transgenic Trypanosoma brucei (8) and transiently transfected L. tropica (9), as well as into isolated Leishmania mitochondria (9) . Moreover, purified RIC induces import of the same tRNA into human mitochondria in vitro (10) . The imported tRNA undergoes multiple rounds of lysylation within the organelle and directly donates lysine to the translating ribosome, correcting the translational defects in MERRFderived mutant mitochondria (10). We tested the hypothesis that RIC can be used to induce functional tRNA import in whole cells.
To monitor uptake of RIC, we incubated monolayer cultures of either the human hepatocarcinoma (Hep) G2 cell line or cybrids containing wild-type (LB58), MERRF patientderived (LB64), or KSS (FLP32.39) mitochondria with affinity-purified fluorescent-tagged RIC (11) , and live cells were imaged at various times. After 1 hour, the complex was detected as discrete spots near or on the plasma membrane, as indicated by colocalization with class I histocompatibility antigen (Fig. 1A) . Entry into the cytoplasm was apparent by È3 hours, although substantial amounts were still plasma membrane-bound, and was complete by 24 hours; little or no staining was evident in the nucleus or on the plasma membrane. Counterstaining with MitoTracker Deep Red 633 (Molecular Probes, Eugene, OR), which is selectively taken up by actively respiring mitochondria (12) , showed clear colocalization of the complex with mitochondria in more than 80% of cells ( Fig. 1, A and B) . The remaining cells were singly labeled, i.e., were either metabolically inactive and did not concentrate MitoTracker in their mitochondria or did not take up the complex. In addition to the human Hep G2 and osteosarcomaderived cybrid cell lines, uptake and mitochondrial targeting of RIC were also observed in primary rat cardiomyocytes (Fig. 1B and fig.  S2 ), indicating the presence of a pathway that is not specific for cell type.
Internalization of large particles such as viruses commonly occurs by one of two mechanisms of receptor-mediated endocytosis, involving clathrin and caveolin, respectively (13) (14) (15) . To determine whether the apparent uptake of RIC is dependent on one of the established cellular endocytic pathways, we transfected cells with double-stranded (ds) small interfering (si) RNA targeted to either caveolin-1 or clathrin heavy chain mRNA, then incubated them with fluorescent-tagged RIC. In control cells transfected with caveolin-1 sense oligonucleotide, uptake and mitochondrial targeting of the complex were normal (Fig. 1C) . Down-regulation of clathrin had no appreciable effect on uptake or mitochondrial localization of RIC. In contrast, 77% of caveolin-1-deficient cells were unable to take up RIC even after 24 hours; the complex remained restricted to the plasma membrane (Fig. 1C) . Thus, the uptake of the complex may occur by a caveolin-1-dependent endocytotic pathway (14) , through caveosomes, and subsequently via transport vesicles fusing with the mitochondrial membrane.
To monitor the effect of RIC on tRNA import, we examined cytosolic and mitochondrial fractions of the treated cells for the presence of cytoplasmic tRNA Lys (UUU) by reverse transcription polymerase chain reaction (RT-PCR). In untreated cells, tRNA Lys was detected exclusively in the cytosolic fraction and was ribonuclease (RNase) sensitive, as expected ( Fig.  2A) . In contrast, the same tRNA was detected in the mitochondria of wild-type, MERFF, and KSS cybrids incubated with RIC for as little as 17 hours and was RNase resistant (Fig. 2A) . About 5% of the total cytoplasmic tRNA Lys was recovered from the mitochondrial fraction. Titration of RIC indicated the presence of a threshold concentration (È25 ng/ml) below which no import was detectable (Fig. 2B) . Thus, in the presence of exogenous RIC, cytoplasmic tRNA Lys was transferred into the mitochondria of intact cells.
Cycloheximide-resistant protein synthesis was assayed in mitochondria from RIC-treated cells. In mitochondria from untreated MERRF cells, there was a general reduction in the synthesis of organelle-encoded proteins; at the level of individual polypeptides, the effect varied, with some, such as ND5 and ND6, particularly sensitive and others, such as ND4L, less affected (Fig. 2E) , as previously reported (2, 10). These partial effects presumably reflect incomplete loss of activity Ee.g., aminoacylation (3)^of the tRNA due to the point mutation. Moreover, aberrant translation products (M1 and M2) were observed, probably the result of premature termination by ribosomes paused at lysine codons. Within 24 hours of RIC treatment, the protein synthesis profile was restored nearly to that of wild-type , and the aberrant products were suppressed (Fig. 2E) . In untreated KSS cells, there was a severe depression of all proteins except ND4L (which does not contain any lysine residues). Treatment with RIC resulted in full restoration of all proteins except COII, COIII, A6, and A8, the genes for which had been deleted (Fig. 2E) .
The effect of RIC on respiratory function was checked by staining cells for cytochrome oxidase (COX, complex IV) activity. In control MERRF cells, COX activity was practically undetectable (Fig. 3A) . Upon incubation with RIC, the number of COX-positive cells increased between days 2 and 4 to a maximum of about 80% and remained steady thereafter (Fig.  3, A and B) . Maximum activity was observed at an RIC concentration of È0.1 mg/ml, with a pronounced threshold (Fig. 3C) , as observed for import (Fig. 2B) . RIC had no effect on the COX activity (Fig. 3A) or other respiratory functions of KSS-derived cybrids, due to the deletion of the CO2 and CO3 genes (5). Second, live cells were stained with rhodamine 123, a fluorescent cationic lipophilic dye that is selectively taken up by actively respiring mitochondria maintaining an inner membrane potential (DY, negative inside) caused by proton translocation coupled to electron transport (16) . Normal cells fluoresced strongly because of the mitochondrial uptake of this dye, but untreated MERFF cells showed only a low, background amount of uniform cytoplasmic staining (Fig. 3E) . Treatment with RIC resulted in strong punctuate cytoplasmic fluorescence in MERRF mitochondria (Fig. 3E) ; the cytoplasm appeared enlarged, but this could be a secondary cytotoxic effect of accumulation of a high concentration of the dye (16) . The mean fluorescence intensity per cell was stimulated threefold and was greater than the wild-type value, reflecting an RIC-induced increase of DY (Fig. 3F) . Oxygen uptake by MERFF cells increased between 2 and 4 days after treatment (Fig. 3G) . Growth of the cells in standard media was not affected by RIC (mean generation times of 26.6, 27.3, and 26.9 hours, respectively, for normal, MERFF, and RIC-treated MERFF), and cells remained viable. In contrast, MERFF cells were unable to grow on media containing galactose in place of glucose as the carbon source (Fig. 3H) , a characteristic of respirationnegative cells growing glycolytically (17) . In the presence of RIC, growth of MERRF cells in galactose was stimulated to about 75% of the wild-type rate (Fig. 3H) , indicating restoration of oxidative phosphorylation. The cytotoxicity of RIC was checked by staining treated Hep G2 cells with propidium iodide (PI, an indicator of necrosis) and annexin V (an apoptotic marker), followed by fluorescence-activated cell sorting (FACS) analysis. There was no significant increase in the number of PI-positive (0.44 to 0.61%) or annexin V-positive (3.88 to 4.15%) cells upon RIC treatment (Fig. 3I) . Thus, toxic effects of RIC were absent under these culture conditions.
To examine whether the rescue of respiration by RIC was a consequence of its tRNA import activity, we blocked the tRNA binding site of the import receptor subunit RIC1 (18) by photochemically cross-linking it to an oligoribonucleotide containing the import signal in the D arm of Leishmania tRNA Tyr (7) . Crosslinking resulted in a markedly reduced ability of the complex to induce import of human tRNA Lys in vitro (Fig. 2C) . The cross-linked complex was targeted normally to mitochondria (Fig. 1) but was 10 times less efficient at inducing tRNA Lys import (Fig. 2C) . In paral- The stability of the RIC-induced rescue of respiration was studied as follows. MERRF cybrids were treated with RIC for 7 days then seeded into fresh media every 4 days in the absence of the complex. COX activity in these cells remained at È75% for 5 days, subsequently declining to È5% in another 3 days (Fig. 3D) . During this period, cells grew normally, and there was no evidence of cytotoxicity. Thus, the activity was stable for over four cell generations, the subsequent fall reflecting the dilution of the pool of RIC through cycles of mitochondrial division and/or degradation of the complex.
Mitochondrial import has been observed in a wide range of organisms, but the number of tRNA species imported is highly variable, corresponding to the number of mitochondrial tRNA genes deleted or mutated, and the import mechanisms are also likely to be different (19) . Leishmania mitochondria import a broad spectrum of tRNAs by a receptor-mediated process (19) . Indeed, in addition to tRNA Lys , a number of other cytosolic tRNAs (but not tRNA Gly ) were imported into mitochondria of human cells treated with the import complex (Fig. 2D) .
Thus, this approach could be applied to other disease-causing mitochondrial tRNA mutations, such as MELAS (mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes) and MIDD (maternally inherited diabetes and deafness), caused by a mutation in mitochondrial tRNA Leu (20) (21) (22) , or late onset Alzheimer_s disease, which is associated with a mutant tRNA Gln (23, 24) . Furthermore, RIC binds to and translocates small RNAs containing import signals. This opens the possibility of introducing signal-tagged RNAs for modulating mitochondrial gene expression. 
